Introduction
Excessive chronic alcohol consumption is a leading cause of hepatic fibrosis, which is a major cause of morbidity and mortality worldwide. More than 10% of the US population abuse or are dependent on alcohol resulting in $27,000 cases of alcoholic liver disease each year [1] . Substantial progress has been made over the last 10-20 years in understanding some of the pathophysiological mechanisms that underlie alcoholic liver fibrosis. Activation of hepatic stellate cells (HSC) is a key event by which this otherwise quiescent cell type expresses a-smooth muscle actin (a-SMA), assumes a myofibroblastic phenotype, and synthesizes fibrillar collagens [2] . In acute liver injury, this response is transient and an important component of wound repair by facilitating matrix contraction and restoration. During chronic liver injury, the activated phenotype persists resulting in an unabated deposition of fibrillar collagens into the interstitial spaces which ultimately compromises normal hepatic function [2] . The initiation and perpetuation of HSC activation is regulated by many signaling molecules including, and in particular, transforming growth factor-b (TGF-b) [3] . However, since TGF-b has important immunomodulatory functions and acts as a tumor suppressor for epithelial cells (hepatocytes), it is a difficult molecule to effectively target in fibrotic liver disease.
Connective tissue growth factor (CTGF) has emerged as an alternative candidate for therapeutic interventions because it is often activated as a TGF-b immediate early gene and is itself pro-fibrotic [4] [5] [6] [7] . CTGF stimulates mitogenesis, chemotaxis, adhesion and matrigenesis in cultured HSC, it is expressed by activated HSC in fibrotic liver, and is produced by HSC in vitro as a function of their activation or after exposure of the cells to Journal of Hepatology 2011 vol. 55 j 399-406 TGF-b [5, 8, 9] . Here, we investigated mechanisms of ethanolmediated CTGF production and action in the human LX-2 HSC line [10] and in cultures of primary mouse HSC.
Materials and methods

Human liver samples
Samples of human alcoholic liver disease (n = 6) were biopsy or surgical specimens archived at Harbor-UCLA Medical Center (Torrance, CA. USA). Tissues were fixed in buffered zinc formalin, sectioned to 4 lm, and processed for CTGF or a-SMA immunohistochemistry.
Cell culture
LX-2 cells (from Scott L. Friedman, Mount Sinai School of Medicine, New York, NY, USA) were grown for 24 h in DMEM/10% FBS and then cultured in serum-free medium for the next 24 h. Primary HSCs from male Swiss Webster mice were isolated [9] and cultured for up to 10 days before incubation in DMEM/1% FBS for 12 h. Triplicate wells of cells were incubated for up to 48 h in the presence of 0-25 mM ethanol or 0-100 lM acetaldehyde. In some experiments, cells were also treated with 2 mM 4-methylpyrazole (4-MP; an inhibitor of ethanol oxidation via inhibition of alcohol dehydrogenase I (ADHI)) or 1 mM N-acetyl-l-cysteine (NAC; a reactive oxygen species scavenger). Cells were then evaluated for CTGF, a-SMA, TGF-b1 or collagen a1(I) mRNA expression or CTGF protein production.
RNA extraction and real-time polymerase chain reaction (PCR)
Total RNA was extracted using RNA STAT-60 (TEL-TEST, Friendswood, TX, USA) according to the manufacturer's protocol. First-strand cDNA was synthesized using 2 lg of total RNA in a 20 ll final volume by reverse transcription utilizing SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) with oligodT(18)-primers (Invitrogen, Carlsbad, CA, USA). The real-time PCR reactions were performed using SYBR Green Master Mix kit according to the manufacturer's instructions (Applied Biosystems, Forster City, CA, USA). RNA for CTGF, TGF-b1, a-SMA, or collagen a1(I) were amplified using ABI Prism 7000 Sequence Detection System (Applied Biosystems, Forster City, CA, USA). The primers (Invitrogen, Carlsbad, CA, USA) are shown in Table 1 . For all real-time PCR studies, negative controls were a non-reverse transcriptase reaction and a non-sample reaction (data not shown). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified as an internal standard.
CTGF radioimmunoprecipitation assay and ELISA
LX-2 cells were cultured in cysteine-and methionine-free DMEM (GIBCO-Invitrogen Carlsbad, CA, USA) containing 100 lCi/ml [ 35 S] methionine/cysteine (MP Biomedicals, Irvine, CA, USA) in the presence of 0-25 mM ethanol for 48 h. Cell lysates (1 mg/ml) were incubated at 4°C for 12 h with 190 lg/ml CTGF antiserum (''NH3''; an in-house IgY raised against recombinant human CTGF) and immunoprecipitated for 2 h at room temperature using IgY precipitating agarose beads (Millipore, Temecula, CA, USA). Immunoprecipitates were analyzed on 18% SDS-PAGE gels, dried and exposed to X-ray film (Amersham Biosciences, Piscataway, NJ, USA). Supernatants of LX-2 cell lysates were analyzed using a human CTGF ELISA (Antigenix America, Huntington Station, NY).
Transfection of LX-2 cells with CTGF promoter reporter constructs
LX-2 cells were cultivated for 24 h in 12-well plates in DMEM with 10% FBS medium at 37°C and then transfected using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) at a ratio of 3 ll: 1 lg DNA per well. Cells were transfected (3 lg/ well) with plasmids containing a secreted alkaline phosphatise (SEAP) reporter gene fused to the wild type CTGF promoter (nucleotides À805 to + 17), deletion mutant: À805 to À166 or À805 to À86, or individual point mutants targeting the Smad site or the basal control element (BCE-1) [11] . SEAP reporter activity was calculated after adjustment for differences among samples in transfection efficiency as determined by co-transfection with a cytomegalovirus (CMV) promoter-b-galactosidase (CMV-b-gal) reporter gene. Post-transfection, cells were serum-starved for 18 h prior to addition of 0-50 mM ethanol or 0-20 ng/ml TGF-b1 for 0-240 min. CTGF promoter activity assays were performed with Phospha-Light kit (Applied Biosystems, Forster City, CA, USA) to detect SEAP reporter expression and b-galactosidase expression was determined by Galacto-star kit (Applied Biosystems). SEAP levels were measured using a LMax II 384 luminometer (Molecular Devices, Sunnyvale, CA, USA). 
Fluorescent-activated cell sorting (FACS)
Transfected cells were sorted using a Beckman Coulter Epics Altra cell sorter (HighWycombe), collected into DMEM/10%FBS, and plated into 6-well plates. At least 30,000 events were acquired for analysis. Cells were treated with 0-25 mM ethanol for 48 h and then treated with Trizol reagent (Gibco BRL) for RNA extraction or fixed with formalin for immunofluorescence assay. Table 1 . Primer sequences for amplification of human or mouse CTGF, TGF-b1, a-SMA, collagen a1(I) or GAPDH. 
Statistical analysis
All experiments were performed at least three times with triplicate measurements, with data expressed as mean ± s.e.m. The intensity of immunoreactive bands on radioimmunoprecipitation was quantified by image analysis (Scion Corporation, Frederick, MD). These data, as well as data from real-time PCR, promoter activity assays and ELISA assay, were analyzed by student's t-test using Sigma plot 11.0 software (SPSS Inc., Chicago, IL) and p values <0.05 were considered statistically significant.
Results
Production of CTGF by activated HSC in human alcoholic liver disease
Fibrotic regions in livers from patients with alcoholic steatohepatitis contained myofiboblastic cells that stained strongly for both a-SMA and CTGF whereas this pattern of staining was absent in normal liver. Representative data are shown in Fig. 1 . Since these data showed that CTGF is produced by presumptive activated HSC in alcohol liver disease, we undertook detailed studies of ethanol-CTGF circuitry in human LX-2 cells in vitro.
Ethanol-induced CTGF, a-SMA or TGF-b1 mRNA expression and CTGF protein production in LX-2 cells
Initial studies showed that CTGF mRNA expression in LX-2 cells in response to ethanol was time-dependent, with peak stimulation at 48 h (data not shown). As assessed by real-time PCR, CTGF mRNA levels in response to ethanol were also dose-dependent, and exposure of LX-2 cells to 25 mM ethanol for 48 h under reduced serum conditions caused a 2-to 4-fold increase (p <0.001) in expression of CTGF as compared to non-treated control cells ( Fig. 2A) . To verify that CTGF protein production was also stimulated, LX-2 cells were labeled with [ 35 S] methionine/ cysteine during 48 h of treatment with 0-25 mM ethanol prior to immunoprecipitation of CTGF from the cell lysates. As shown in Fig. 2C , CTGF-immunoreactive bands corresponding to the full length 38 kDa protein and 20 or 10 kDa cleavage products were induced 2.5-to 6-fold by ethanol (Fig. 2C) . These data were confirmed by CTGF ELISA of cell lysates (Fig. 2D) . The increase in CTGF protein production or mRNA expression in ethanol-treated LX-2 cells was comparable to that elicited by 5 ng/ml TGF-b or 100 lM acetaldehyde (Fig. 2B and D) . Since acetaldehyde is a principal product of ADH-mediated ethanol oxidation, LX-2 cells were treated with 4-MP, an inhibitor of ADHI. Ethanol-stimulated CTGF production was subsequently ablated by 4-MP whereas basal CTGF production was unaffected.
Moreover, the expression of a-SMA or collagen a1(I) by LX-2 cells was also stimulated by TGF-b1, acetaldehyde or ethanol, the latter of which was also blocked by 4-MP ( Fig. 2B and D) . Finally, since acetaldehyde can also be generated from ethanol by the action of cytochrome P450 2E1 (CYP 2E1) which also generates reactive oxygen species (ROS), LX-2 cells were treated with N-acetyl-cysteine (NAC), a broad-spectrum anti-oxidant. This treatment was effective in blocking ethanol-stimulated but not basal production of CTGF, a-SMA or collagen a1(I) (Fig. 2B and D) .
TGF-b1-induced CTGF expression in HSC depends on Smad and BCE elements in the CTGF promoter TGF-b1 mRNA in LX-2 cells was also stimulated by ethanol at similar concentrations to those required for CTGF production ( Fig. 2A) . To verify that the CTGF promoter in LX-2 cells was TGF-b-responsive, cells were transfected with plasmids containing the CTGF promoter (nucleotides À805 to +17) fused to a SEAP reporter gene (Fig. 3A) and subsequently stimulated with TGF-b1. CTGF promoter activity was stimulated up to 6-fold in a dose-dependent manner by 1-20 ng/ml TGF-b1, while in response to 10 ng/ml TGFb1, activation of the CTGF promoter by $2-fold was evident after 10 min and maintained at a maximum $3-fold increase between 30 and 240 min post-stimulation (Fig. 3B) . CTGF promoter activity was stimulated 2-fold by 10-50 mM ethanol whereas 5 mM was ineffective and the increase in CTGF promoter activity by 10 mM ethanol was maximal at 10 min and maintained for 240 min (Fig. 3B) . Thus, either TGF-b1 or ethanol caused a rapid (within 10 min) and sustained (up to 240 min) activation of CTGF promoter activity, a temporal association that supported a possible functional link between TGF-b and ethanol in stimulating CTGF promoter activity. To address this question directly, LX-2 cells were transfected with CTGF promoter constructs that harbored deletion mutation downstream of the Smad or BCE response elements, or point mutations within these same elements (Fig. 3A) . As shown in Fig. 3C , basal CTGF promoter activity was completely absent from the deletion mutants, showing that neither the sequence between nucleotides À166 and +17 or À86 and +17 (the latter of which contained the BCE element) were sufficient to drive the CTGF promoter under basal conditions. Also, the point mutation in either the Smad site or the BCE site resulted in significant attenuation of basal CTGF production. Somewhat Fig. 1 . CTGF production by myofibroblasts in human steatohepatitis. Sections of (A) normal human liver or (B) steatohepatitis with moderate activity and septal fibrosis stage 3 were stained with DAPI for nuclear localization and processed for CTGF and a-SMA immunohistochemistry. Images were merged to verify colocalization of CTGF and a-SMA to the same myofibroblastic cells (i.e. presumptive activated HSC) within the fibrotic regions (yellow-orange color). Data are representative of six samples of human alcoholic liver fibrosis.
higher levels of residual basal CTGF promoter activity was observed for the Smad mutants as compared to the BCE mutant, showing that this activity was Smad-independent but BCE-dependent. When cells were treated with 25 mM ethanol, CTGF promoter activity was increased as expected, but this effect was absent from the deletion mutants and the BCE point mutant which exhibit the same, highly reduced levels of activity as under basal conditions. The Smad mutant exhibited slight but nonetheless substantially lower activity after ethanol treatment which was comparable to that exhibited by this mutant under basal conditions. These results showed that ethanol-stimulated activity in LX-2 cells was Smad-and BCE-dependent, while basal CTGF promoter activity was BCE-dependent and partially Smad-dependent.
Knockdown of TGF-b1 reduces ethanol-mediated CTGF or a-SMA expression
The CTGF promoter studies suggested that TGF-b response elements were involved in ethanol-mediated CTGF production. TGF-b1 knockdown experiments were thus performed by transfecting LX-2 cells with TGF-b1 siRNA and examining CTGF production by the transfected cells after stimulation with 25 mM ethanol. As shown in Fig. 4A , ethanol-mediated expression of either CTGF or a-SMA mRNA was completely antagonized by TGF-b1 siRNA but not by a scrambled sequence. To verify that these changes were reflected at the protein level, CTGF or a-SMA immunocytochemistry was performed on the cells under the same treatment conditions. As shown in Fig. 4C , staining for CTGF or a-SMA proteins was strongly increased after ethanol treatment, a phenomenon that persisted in cells that were transfected with scrambled siRNA, but which was strongly attenuated in TGF-b1 siRNA-treated cells. Similarly, the production of a-SMA or collagen I proteins in response to acetaldehyde was highly attenuated in cells transfected with TGF-b1 siRNA (Fig. 4D) .
Knockdown of CTGF attenuates ethanol-induced a-SMA or collagen I expression
We next investigated whether ethanol-or acetaldehyde-mediated a-SMA expression was directly attributable to the production of CTGF by performing CTGF knockdown experiments with CTGF siRNA. Ethanol-stimulated mRNA expression of CTGF, a-SMA mRNA or collagen a1(I) or acetaldeyhyde-stimulated production of a-SMA or collagen I proteins was blocked by CTGF siR-NA but not by a scrambled sequence (Fig. 4B, D , and data not shown). These results showed that LX-2 cell a-SMA or collagen I expression in response to ethanol or acetaldehyde was dependent on CTGF mRNA production.
Ethanol-CTGF axis in primary mouse HSC
Ethanol responses were also evaluated in mouse HSC that had been freshly isolated from normal livers and maintained in culture for 2-12 days. Treatment of primary mouse HSC with ethanol on Day 2 of culture resulted in a 2-fold stimulation of CTGF mRNA expression, an effect that was blocked by co-incubation of the cells with 4-MP or NAC (Fig. 5A) . Ethanol also stimulated increased expression of mRNA for CTGF, a-SMA or collagen a1(I) in Day 12 cells and this was blocked by transfection of the cells with CTGF siRNA (Fig. 5B) . Moreover, TGF-b1-stimulated mRNA for CTGF, a-SMA or collagen a1(I) was also blocked by CTGF siRNA (Fig. 5B) . Since GFP and CTGF siRNA were driven off the same vector, confocal immunofluorescent imaging was used to demonstrate that GFP-positive cells exhibited diminished CTGF and a-SMA co-expression after ethanol or TGF-b treatment of CTGF siRNA-transfected cells (Fig. 5C ). Collectively, these data showed that ethanol or TGF-b-mediated production of a-SMA or collagen a1(I) were dependent on the production of CTGF.
Discussion
During chronic alcoholic liver injury, the combined actions of alcohol-induced transcriptional activators, growth factors, proinflammatory cytokines, and oxidant stress contributes to the transformation of quiescent HSC into collagen-producing myofibroblasts. HSC have previously been shown to produce CTGF in vitro as a function of culture-induced activation or after their stimulation by TGF-b [5, 8, 9] . In primary mouse HSC, activation of CTGF gene transcription by TGF-b involves Smad and Ets-1 elements in the CTGF promoter [8] . Moreover, CTGF expression in HSC following TGF-b stimulation or culture-induced activation is dependent on the TGF-b type I receptor showing that TGF-b paracrine and autocrine pathways play a central role in CTGF production in activated HSC [8] .
In these studies, we showed that presumptive activated HSC in human steatotic liver were CTGF-positive suggesting that CTGF is involved in alcohol-induced fibrosis. Ethanol treatment of human LX-2 cells resulted in a dose-dependent stimulation of CTGF promoter activity, CTGF mRNA levels, and CTGF protein production.
These changes were dependent on the production of acetaldehyde or oxidant stress and were mirrored by concomitant increases in TGF-b mRNA expression. Treatment of LX-2 cells with acetaldehyde also resulted in enhanced expression of CTGF mRNA and CTGF protein production. Comparable responses were observed in primary mouse HSC as shown by increased CTGF mRNA expression in response to TGF-b or ethanol, the latter of which was associated with the production of acetaldehyde or oxidant stress.
A functional link between CTGF and TGF-b was established by knockdown of TGF-b mRNA in ethanol-treated LX-2 cells using TGF-b siRNA, an approach that resulted in highly diminished levels of CTGF mRNA or protein. Thus, the production of TGF-b upon exposure of HSC to ethanol appears to be required for the production of CTGF, a phenomenon that was supported by the CTGF promoter reporter studies which implicated the action of Smad and BCE-1 in the CTGF response to ethanol. Previous studies in other cell types showed that TGF-b stimulation of CTGF mRNA relies on the functional Smad element in the CTGF promoter and that, while the BCE-1 site is involved with basal CTGF promoter activity, it is also indirectly responsive to TGF-b since it is a response element for endothelin 1 which is induced by TGF-b and is essential for TGF-b to induce CTGF [13, 14] . Our data showed that ethanol-stimulated activity was Smad-and BCE-dependent, while basal CTGF promoter activity was BCE-dependent and partially Smad-dependent; the latter suggesting that TGF-b-independent pathways may contribute at least partially to the high constitutive production of CTGF, at least in LX-2 cells.
Ethanol-stimulated a-SMA production in human or mouse HSC was also a CTGF-dependent effect that occurred downstream of TGF-b since ethanol-or acetaldehyde-stimulated a-SMA mRNA expression and protein production were blocked by either TGF-b1 siRNA or CTGF siRNA. Importantly, the finding using CTGF siRNA that CTGF production in primary HSC is required for the stimulation of a-SMA by ethanol or TGF-b1 has important impact regarding mechanisms by which HSC activation is perpetuated or exacerbated. These data support earlier in vivo studies which have shown that the frequency of myofibroblasts (including activated HSC) in experimental models of liver fibrosis can be reduced by administration of CTGF siRNA [15] . However, since this in vivo strategy was not designed to target the HSC population exclusively, the data presented in our study are the first evidence that ablation of HSC-derived CTGF is sufficient to attenuate a-SMA production in the cells and show that CTGF plays an important role in driving the activated phenotype of these cells. Similar conclusions have been made from studies of CTGF-overexpressing transgenic mice in which a liver-specific CTGF transgene was shown to sustain and exacerbate the activated HSC phenotype as opposed to initiate it [16] .
Our data further revealed that ethanol-induced production of collagen in human or mouse HSC is CTGF-dependent as shown by the ability of CTGF siRNA to reduce the levels of ethanol-dependent collagen I(a1) mRNA. While ethanol-stimulated CTGFdependent collagen production has not been previously reported, our finding that TGF-b-dependent collagen production in primary mouse HSC is also CTGF-dependent is consistent with a growing body of evidence has shown that antagonism of basal or TGF-binduced CTGF mRNA expression by CTGF antisense oligonucleotides, siRNA or hammerhead ribozyme, results in decreased collagen production in a diverse variety of cell culture systems [17] . Additionally, CTGF siRNA was effective at reducing collagen expression and deposition in carbon tetrachloride or N-nitrosodimethylamine models of liver fibrosis in rodents [15, 18] . While these data have convincingly demonstrated the anti-collagenic actions of antagonists of CTGF RNA, our data are the first to show that such a strategy is effective in response to ethanol and thus provide support for its use as a potential therapy of fibrosis associated with alcoholic liver disease.
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